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Abstract
This thesis seeks to correlate hysteretic power loss of tertiary ferrite nanoparticles in alternating
magnetic fields to trends predicted by physical models. By employing integration of hysteresis
loops simulated from physical models for single-domain ferromagnets, we have identified ferrite
materials optimal for remote heating. Several organometallic thermal decomposition methods
were adapted to synthesize nanoparticles with anisotropy energies varying over 3 orders of
magnitude and transferred into water using a high-temperature ligand exchange protocol.
Furthermore, we compare nanoparticles of the same composition and size produced via different
synthesis conditions and highlight differences in their materials properties. These analyses
identify the synthesis conditions that yield nanoparticles with optimized magnetic properties and
with some of the highest power dissipation (specific loss power) found in literature for tertiary
ferrite materials.
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Chapter 1
Introduction
Control over the size and composition of spinel ferrites MFe 2O4 (M=Mn, Fe, Co) is
useful in tailoring the magnetic properties of the material for a specific biomedical application.I
For example, doping of tetrahedral sites with Zn2+ in MnFe 20 4 enhances the total magnetic
moment of the particle leading to large MRI contrast effects2 while the exchange coupling of two
magnetic materials with different anisotropy energy constants (K) yields highly dissipative core-
shell nanoparticles useful in magnetic hyperthermia. 2,3 In the latter application, heating produced
by hysteresis loss in magnetic nanoparticles (MNPs) remotely coupled to alternating magnetic
fields (AMFs) triggers necrosis of tumor cells. While this idea has been around for several
decades, 4 recent work demonstrating the fine control over the size, composition, and shape of
superparamagnetic MNPs has made this particular method prime for clinical trials.5
Furthermore, remote magnetic heating is not limited to hyperthermia cancer therapy. More
recently, remote control of heat dissipation was used to regulate heat-sensitive calcium ion
channels to control cellular signaling and gene transcription in vivo. 6'7
9
While renewed interest has burgeoned the growth in this field, most magnetic
hyperthermia work does not consider materials choice in optimizing this technology. For
therapeutic purposes, the ferrite MNPs must be administered at the lowest concentrations
possible, meaning that the heat dissipation efficiency, commonly referred to as specific loss
power (SLP), in the presence of an AMF must be maximized. Furthermore, the MNPs should
have tight size-distribution, since polydispersity has degradative influence on the heating rates
achieved.8 Finally, MNPs have to be rendered soluble in physiological fluids and biocompatible
in order to interact with tissues.
With recently proposed hysteretic heat dissipation theories of single-domain ferromagnets
guiding us in the selection of an optimal material, this thesis seeks to compare the properties of
MNPs produced from two distinct organometallic synthetic routes based on oleate and
acetylacetonate chemistries and to correlate understanding of power loss in MNPs to actual
experimental data.
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Chapter 2
Theory
For therapeutic purposes, the optimal frequency f and amplitude Ho of the applied
alternating magnetic field (AMF) must not harmfully affect the patient via non-specific Eddy-
current heating. The latter can is minimized if the product Hof does not exceed 5 x 109 A m~ s1 .9
Applied AMFs are thus generally limited to an amplitude range between 5 to 20 kA m~1 and
operated at frequencies below 1 MHz. Hence, to maximize the heat dissipated as the MNPs
undergo hysteresis loss in the presence of AMFs under these field constraints, the saturation
magnetization (M) and magnetic anisotropy energy, which is dependent on the K and the size of
the particle, must be optimized. However, current MNPs commercialized for MRI use and
explored for applications in magnetic hyperthermia suffer from poor control over the shape and
size of the MNPs. 10'11 The lack of monodispersity as well as the inability to tune the MNPs over
a wide size range prevents a full correlation between theory and experimentally measured SLP
values.
Quantitative analysis of SLP studies for magnetic hyperthermia tends to interpret results
using linear response theory (LRT),3 ,io,2 which is valid only when the magnetization of the MNP
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ensemble increases proportionally to the applied field.' 3 Particles with low anisotropy energy
tend to saturate at low fields, and hence no longer follow this linear regime. The alternative is to
use the Stoner-Wohlfarth model, which does not take into account any thermal activation, so
analytical expressions need to be incorporated to determine the coercive field Hc expression
which is dependent of the sweeping rate of the magnetic field as well as temperature. 14' 15
Understanding the limits of either model is important in making accurate predictions of materials
performance under applied AMF, and in determining the various experimental parameters that
can be tuned to achieve optimal heat dissipation in tissue. 13
2.1 Linear Response Theory
Linear response theory (LRT) first proposed by Rosensweig to describe the power
dissipation in a fluid containing superparamagnetic MNPs (ferrofluid) in the presence of AMFs
is widely used to interpret experimental data involving MNPs. This model approximates the area
of the hysteresis loop with the following expression:
A= f AU = porX"fH2
which is the product of the internal energy loss per cycle from the magnetization of the ensemble
in the presence of an applied field multiplied by the cyclic frequency to yield an expression for
volumetric power dissipation.
The frequency dependence of the complex susceptibility is given by the expression:
X" = MO V OTR3kbT (1+2r)'>
where M, is the saturation magnetization, V is the volume of the MNP, and Tr is the effective
relaxation time. This relaxation time is denoted as:
1 = 1 1
TR TB TN
and has contributions from both Neil and Brownian processes.
The Nedl relaxation is the time it takes for the magnetic moment to reach equilibrium after
perturbation by an applied field. The Nedl relaxation time TN is given by the following
expression:
TN =K
12
with to being the intrawell relaxation time and typically estimated to be 1 0Os.
In a ferrofluid, the relaxation time of the whole particle after perturbation is the Brownian time
constant and its relation to TI, the viscosity coefficient of the solution, is given by the following
relationship:
TB 3 'VH
where VH is the hydrodynamic volume. Putting everything together, the overall expression for
calculating SLP in the linear response regime is given as:
A = WMOHM1V (OTR3kbT (1 + W2 2 )
1E-3
TR/
~1E-4 TB
N
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Figure 2-1: Time constants vs. particle size for magnetite particles.
Shorter time constants tend to dominate the effective relaxation time as illustrated in Fig.
2-1, and is determined by the anisotropy energy of the material chosen and the media it is
dispersed in.
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Figure 2-2: Color intensity plot of
SLP as a function of the materials
anisotropy constant (K) and particle
diameter (d).
From these expressions, we may identify optimal material properties that should, in
principle, yield highly dissipative MNPs. The plot of SLP as a function of K and particle size in
Fig. 2-2 for typical magnetic hyperthermia conditions of 500 kHz and an applied field of 10
kA/m demonstrates that there is a narrow range in which the SLP shows a sharp maximum at a K
value between 0.5x104 to 2x104 J/m3 for a size range between 10 to 30 nm. The range in which
we see this sharp maximum corresponds closely with the K values of spinel ferrites such as
MnFe 20 4 and Fe30 4, which is 3x103 and 1.6x104 J/m 3 respectively.
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Figure 2-3: Specific loss power as a function of
particle diameter for three different ferrite materials as
predicted by linear response theory. Field parameters
used were Ho = 15 kA m~1 andf= 500 kHz.
Fig 2-3 plots the SLP as a function of MiNP diameter for spinel ferrites with K values
varying over two orders of magnitude. Because of the high anisotropy constant of CoFe20 4 (K =
2.0x105 Jim3), the SLP value saturates with increasing size due to the dominance of Brownian
relaxation contributing primarily to the hysteresis loss of the particle. The maximum hysteresis
loss observed corresponds to the condition when o - TN = 1, which occurs when the applied
sweep rate is at the same rate as the relaxation time.
LRT aims to describe the response of the MNP ensemble using Nedl-Brown relaxation
times and assumes that the magnetization of the MNPs scales linearly with the magnetic field.
The LRT is suitable in describing superparamagnetic MNPs in hyperthermia experiments, when
the applied magnetic field is far from the saturation regime of the MNPs. However in most
hyperthermia experiments, the key assumption that magnetization scales linearly with field is
invalid, as it predicts that materials with low anisotropy constant and large volumes yields the
most dissipative hyperthermia agents.3 12 However, this is not physically possible as these
materials have low anisotropy energy barriers that would be significantly perturbed by the
applied field, resulting in lower hysteretic loss than predicted (Fig 2.3 versus Fig 2.5 discussed in
the next section).
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2.2 Stoner-Wohlfarth Model
When the applied AMF amplitude Ho exceeds the coercive field Hc of the material, the
entire hysteresis loop is accessed and linear response theory is no longer applicable. In this case,
hysteresis losses can be derived from the Stoner-Wohlfarth (SW) model." Because the SW
model does not take into account any thermal activation it is only valid when temperature T =
0 'K or frequency f approaches infinity, for realistic AMF parameters analytical or numerical
expressions must be obtained.
The area of the hysteresis loop for the case of randomly oriented particles is:
A = 2poHcMs,
which is half the maximal area of oriented particles, since averaging over all contributions
includes particles with the easy axis approaching 900 away from the magnetic field, which
results in zero remnant magnetization.
Hc as a function of frequency and temperature can be calculated from the expression:
MoHc = AOHK(1 - K1/2),
Where po HK is the magnetic field amplitude sufficient to suppress the anisotropy energy barrier
and K is a dimensionless magnetic dissipation parameter proposed by Usov et al. as:15
K= In kBT
Keff V 4MoHaxMsVfro
which accounts for the variation in coercive field by taking into account the sweeping rate.
Comparison between hysteresis loops solved numerically and from the given expression show
good agreement as long as K is below 0.5.
In summary, LRT enables the calculation of the hysteresis area when the MNPs are
superparamagnetic and operating at fields significantly lower than those sufficient to overcome
the anisotropy energy barrier and magnetize the MNP ensemble to saturation. Stoner Wohlfarth
analytical model can be used when Y<0.5 and when the MNPs are saturated by the field applied,
and hence the major hysteresis loop is accessed. For all other cases, the area of the MNP
hysteresis loop has to be calculated numerically.
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2.3 Physical model
The magnitude of hysteretic loss of MNPs in the presence of AMFs is determined by how the
magnetic moment of the ensemble aligns with the applied field. Assuming uniaxial anisotropy,
heat is dissipated as the particle attempts to align its easy axis with the field direction. When
LRT is applied to a particular MNP set, it assumes an anisotropy energy that is sufficiently high
such that the AMF administered does not perturb the activation energy between the easy axis
states significantly.8 For materials with low magnetic anisotropy energy, the applied field may
cause this barrier to disappear altogether, resulting in low hysteretic loss because thermal
fluctuation of the MNP moment occurs too rapidly during the driving cycle for optimal
population reversal. Only materials with high anisotropy energy, such as CoFe 20 4, have
coercive fields large enough such that the material still responds in the linear regime and
dissipates heat in the form of a minor hysteresis loop at AMF amplitudes typically used in
biomedical applications. Because this activation barrier is quite large in high-anisotropy
materials such as CoFe20 4, the majority of the hysteretic loss in those materials is attributed to
frictional heat generated by the Brownian rotation of the particle in the medium.'0 For ferrites
of lower magnetic anisotropy such as Fe30 4 or MnFe 2O4, the applied field generally saturates the
magnetic moment of the MNP ensemble, and major loops are accessed instead. Hence power
dissipation must be solved using either the Stoner-Wohlfarth model or analyzed numerically.
17
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Figure 2-4: Field-dependent magnetization curves from
numerical simulations for magnetite NPs of varying sizes in
diameter. Field parameters used were Ho = 15 kA m- and f=
500 kHz.
We adapted physical modeling methods from Carrey et. al to determine the hysteresis
loops for the MNPs of tertiary magnetic oxides MFe2O4 (M = Mn, Fe, Co). 13 This approach is
advantageous because unlike LRT or analytical Stoner-Wohlfarth models that are restricted to
certain domains of validity, specific loss power (SLP) can be calculated for single-domain MNPs
over a wide range of material and applied AMF parameters. The hysteresis loops for Fe304
MNPs of varying diameters assuming uniaxial anisotropy with their easy axis aligned is shown
in Fig. 2-4. These assumptions are valid because the MNPs are freely rotating in solution and
possess sufficient surface anisotropy to be considered uniaxial.
For the case of iron oxide, Fig. 2-5 indicates that there is an optimal volume at which the
hysteretic loss is maximized. For MNPs below 15 nm, the hysteresis loop is practically
reversible due to the low anisotropy energy. In this case the superparamagnetic behavior results
in almost zero power loss. Because the energy barrier scales with volume Ea oc K - d3 , the
hysteresis loop becomes significantly larger and displays a typical ferromagnetic shape at 18 nm.
At larger sizes, the anisotropy energy increases such that the applied magnetic field does not
exceed the anisotropy field, leading to a decrease in the total hysteresis loop area.
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Figure 2-5: SLP calculated from numerical simulations for three
different ferrite materials as a function of NP diameter. Field
parameters used were Ho = 15 kA m~1 andf= 500 kHz.
A summary of the SLP as a function of size at a field strength of 15 kA m~1 applied at 500
kHz is seen in Fig 2-5. The field parameters were chosen are relevant values used widely in
magnetic hyperthermia experiments. Because the K of CoFe20 4 is an order of magnitude greater
than Fe30 4 (K = 2.Ox 105 J m-3 compared to 1.4x 104 J m-3), the large coercive fields means that
AMF of the same amplitude yields only minor hysteresis loops, hence the SLP is comparatively
low and decreases with increasing size due to an increase in anisotropy energy. Linear response
theory is valid in this case as only minor loops are accessed because the anisotropy energy is
high relative to the applied field. On the other hand, MnFe20 4 has a K one order of magnitude
lower than Fe 30 4 (K = 3.0x10 3 J m 3), and results in major loops being accessed due to the low
activation barrier between easy axis states.
Iron oxide MNPs 20 nm in diameter were predicted to achieve the highest SLP values.
Calculated values for MnFe20 4 indicate that hysteretic loss increases significantly only at
particle diameters greater than 22 nm for the given field and frequency. CoFe 2O4 MNPs do not
yield significant heating at this field conditions (Ho = 15 kA m-1 and f = 500 kHz) because the
energy barrier is too high for the majority of the ensemble to align with the field.
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Chapter 3
Synthesis
By developing an optimized MNP toolset with a wide range in anisotropy energy, we can
begin to compare the trends predicted by numerical simulations of SLP with experimental data.
Thermal decomposition of organometallic precursors dissolved in high boiling point organic
solvents in the presence of coordinating ligands is one of the best methods to prepare
monodisperse and uniform magnetic MNPs.16'17 Because SLP is intimately related to the
materials anisotropy energy, which is dependent on the material's composition as well as size,
the use of such synthesis is particularly suited for the preparation of high quality magnetic
materials for therapeutic applications. However, there has yet to be a comprehensive study
comparing the utility of MINP materials synthesized by thermal decomposition route as remote
heat dissipation agents. In general, these MNPs suffer from poor magnetic properties that
diverge significantly from those of the bulk materials depending on the type of synthesis chosen
and hence have limited effectiveness as heat dissipation agents. For example, MNPs synthesized
by the decomposition of iron-oleate compounds typically exhibit low saturation magnetization
M values below 60 emu g-, as compared to a bulk value of 92 emu g-. These low
magnetization values have been attributed to the presence of undesired phases such as wustite
(FeO). 19 ,20 Another synthesis based on metal acetylacetonate compounds typically yields MNPs
with diameters less than 10 nm and achieving larger sizes demands the employment of the multi-
step seed-mediated growth.17 The latter approach may not be suitable to preparation of high-
20
quality heat dissipation agents due to the formation of internal defects that lead to reduction in
saturation magnetization.19
Synthesis of ferrite MNPs larger than 10 nm with optimum magnetic properties prepared
by thermal decomposition of organometallic precursors remains a challenge. To address this
challenge we have adapted recently reported methods and developed novel synthetic procedures
for one-pot scalable process for producing tertiary ferrite MNPs with composition MFe 20 4 ,
where M= Fe, Mn, or Co.
21
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Figure 3-1: Transmission electron microscopy (TEM) images of monodisperse
MFe20 4 MNPs of various sizes synthesized from the thermal decomposition of
metal oleate precursors. (A-D) Iron Oxide (E-H) Manganese Ferrite (I,J) Cobalt
Ferrite
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3.1 Thermal Decomposition of Metal Oleate
compounds
To verify the validity of the numerical simulations, a MNP material set was first
synthesized based on the thermal decomposition of metal-oleate precursors because of the ease
in which size can be tuned above 10 nm.16'1 Slight modifications to the procedure were made
because we found that the initial heating rate yielded faceted MNPs in our reaction conditions.
By reducing the heating rate from 3.3 *C/min to 1 'C/min, monodisperse and spherical MNPs
iron oxide MNPs with a size-distribution of less than 5% was produced. Similar trends were also
observed in the synthesis of MnFe204 and CoFe20 4 MNPs. While it has been hypothesized that
nucleation and growth occur separately at 240 *C and -300 'C respectively,1 8 recent reports
show that the transition occurs within 10 'C of each other,20 and that the bulk of the
homogeneous nucleation occurs above 300 oC.2 '22 This suggests that there is overlap between
the two stages and hence reducing the heating rate allows for sufficient time for nanocrystals to
nucleate and grow as the precursor fully decomposes above 300 *C.
Rather than tuning the size based on the boiling point of the solvent as reported
previously, we simply change the final annealing temperature in 1 -octadecene to access a wide
range of MNP diameters. Transmission electron micrographs of the ferrite MNPs produced by
this method can be seen in Fig. 3-1. In the case of iron oxide, particle size varying from 10 to 23
nm in diameter was synthesized by setting the temperature from 305 to 325 *C (Fig. 3-1 A-D).
However, under the same conditions, MnFe20 4 MNPs were cubic. To promote supersaturated
isotropic growth the solvent amount was decreased from 25 mL to 10 mL. In 10 mL 1-
octadecene, nearly spherical MnFe 20 4 MNPs 10 to 18 nm in diameter were synthesized when the
final temperature was varied from 305-325 'C (Fig. 3-1 E-H). Further decreasing the solvent to
5 mL led to larger polydisperse samples.
23
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Figure 3-2: Transmission electron microscopy (TEM) images of monodisperse
MFe 20 4 MNPs of various sizes synthesized from the thermal decomposition of
metal acetylacetonate precursors. (A, B) Cobalt Oxide (C,D) Manganese Ferrite
3.2 Thermal Decomposition of Metal Acetylacetonate
compounds
Thermal decomposition of metal acetylacetonate precursors produces monodisperse
MFe 20 4 MNPs with magnetic properties approaching those of bulk tertiary ferrites, but a seed-
mediated growth process is required to create the MNPs above 10 nm.17 In an attempt to develop
a one-pot synthesis method, we varied both heating rate and the reaction temperature to
investigate their effects on the diameter and size distribution of the MNP ensemble.
CoFe20 4 and MnFe 20 4 MNPs 8.9 nm and 7.4 nm in diameter were initially synthesized
from the method developed by Sun et. al. 19 To create MNPs with diameters greater than 10 nm,
we modified the synthesis by replacing Mn(acac) 2 and Co(acac) 2 with the chloride salts MnCl 2
and CoCl2 2 and directly heated the reaction solution to reflux at a rate of 3.3 *C/min. The
original synthesis requires the reaction to be set at 200 *C for 2 hours prior to raising the
temperature to reflux to promote nuclei formation to achieve monodispersity. However, the
increased number of nuclei formed during this prolonged nucleation period reduces the final size
of the MNPs during the growth phase. Because Fe(acac) 3 decomposes at a different temperature
as compared to Mn(acac) 2 and Co(acac)2, 23 we believe that it is unnecessary to promote
24
D 11.3 1.1
nucleation over the course of 2 hours since Mn2+ or Co 2+ from the chloride salts can be directly
incorporated as Fe(acac) 3 decomposes. With these modifications, CoFe20 4 and MnFe204 MNPs
with diameters 11.7 nm and 11.3 nm respectively were synthesized.
Because the K value of MnFe20 4 is an order of magnitude lower than Fe 30 4, particles
larger than 20 nm are required to observe appreciable heating at AMF with amplitude 15 kA m'
and frequency 500 kHz (Fig 2-5). Replacing benzyl ether with a higher boiling point
temperature solvent such as 1-octadecene yields in MNPs 14 nm in size but was found to be
polydisperse. 24 Monodisperse 16 nm particles were synthesized when a higher molar ratio of
ligand to solvent was used in dioctyl ether.25 However, increasing the temperature in different
solvents was found to be insufficient to increase the MNP size above 20 nm. Consequently, a
seed-mediated protocol was developed. By directly heating the solution to reflux bypassing the
2 hour nucleation period, a 5 to 7 nm shell was grown instead of the 1 nm coating reported
previously.17 Using this seed-mediated approach, we have synthesized 14.3 nm CoFe2O4 and
26.3 nm MnFe20 4 MNPs (Fig 3-2).
3.3 Synthesis Methods Summary
Preperation of metal-oleate complex
2± 2+ 2-iThe metal-oleate MFe2 (Ci8 H3 30 2)8 precursor (where M=Co , Fe , Mn ) was prepared by
reacting sodium oleate and the respective metal chloride salt.16'18 We scaled our preparation such
that the total metal content was 60 mmol per reaction. An example synthesis for a binary metal
complex M2(Ci8 H330 2)8 was prepared by dissolving 40 mmol of FeCl 3, 20 mmol of CoCl2 , and
160 mmol of sodium oleate in 100 mL of ethanol, 100 mL of filtered de-ionized water, and 200
mL of hexane and heated to reflux at 60 *C for 4 hours. After removal of the aqueous phase, the
organic phase was heated to 70 'C for 2 hours and then placed under vacuum at 110 'C for an
additional 2 hours to remove residual solvent, leaving behind a highly viscous metal-oleate
product.
Synthesis of monodisperse and spherical Fe30 4 nanocrystals of different sizes
To synthesize Fe 30 4 15 nm MNPs, 5 mmol of the metal-oleate complex and 2.5 mmol of oleic
acid was dissolved in 20 mL of 1-octadecene in a 250 mL 3-neck flask and evacuated for 30
25
minutes. Then the solution was heated to 200 'C under N2 flow and further heated to 310 'C at
a rate of 1 *C/min and held at the specified temperature for 1 hour. The nanocrystals were then
dispersed in toluene. 10 nm, 18 nm, and 23 nm MNPs was synthesized by setting the final
temperature to 305 *C, 320 'C, and 325 'C respectively. 26 nm particles were prepared by
setting the final temperature to 330 *C in 20 mL of 1 -eicoscene.
Synthesis of monodisperse and spherical MnFe20 4 nanocrystals of different sizes
To synthesize MnFe 20 4 15 nm MNPs, 5 mmol of the metal-oleate complex and 2.5 mmol of
oleic acid was dissolved in 10 mL of 1-octadecene in a 250 mL 3-neck flask and evacuated for
30 minutes. Then the solution was heated to 200 *C under N2 flow and further heated to 315 "C
at a rate of 1 *C/min and held at the specified temperature for 1 hour. After removing the heat
source and cooling to room temperature, the solution was transferred to a 50 mL conical tube
along with 10 mL of ethanol and centrifuged at 6000 rpm for 10 minutes to collect the
synthesized nanocrystals. The pelleted nanocrystals was redispersed in 10 mL of hexane and
flocculated with 5 mL of ethanol and centrifuged at 6000 rpm for 10 minutes twice to remove
excess ligand and solvent. The nanocrystals were then dispersed in toluene. 10 nm and 18 nm
MNPs was synthesized by setting the final temperature to 305 "C and 325 "C respectively. _ nm
particles were preparing by setting the final temperature to 330 "C in 10 mL of 1 -eicoscene.
Synthesis of monodisperse and spherical CoFe20 4 nanocrystals of different sizes
To synthesize CoFe20 4 13 nm MNPs, 5 mmol of the metal-oleate complex and 2.5 mmol of oleic
acid was dissolved in 20 mL of 1-octadecene in a 250 mL 3-neck flask and evacuated for 30
minutes. Then the solution was heated to 200 "C under N2 flow and further heated to 305 "C at
a rate of 1 "C/min and held at the specified temperature for 1 hour. 20 nm particles were
preparing by setting the final temperature to 310 *C with a change in heating rate from 1 *C/min
to 3 "C/min.
Synthesis of monodisperse MnFe20 4 nanocrystals of different sizes
7 nm MnFe204 MNPs were synthesized by previously reported methods in a 250 mL 3-neck
flask. 17 To increase the size of the MNPs, MnCl 2 instead of Mn(acac) 2 was used. 11 nm MNPs
were synthesized by mixing Fe(acac) 3 (2 mmol), MnCl2 (1 mmol), oleic acid (6 mmol),
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oleylamine (6 mmol), 1,2-hexadecanediol (10 mmol), and 20 mL of benzyl ether and evacuated
for 30 minutes. Then the solution was heated to reflux for one hour at a rate of 3.3 *C/min under
N2 flow. To synthesize 26 un in diameter sized particles, to the same reaction conditions, 50 mg
of 11 nm MNPs dispersed in hexane was added. MNPs 16 nm in diameter were synthesized by
mixing Fe(acac) 3 (2 mmol), MnCl2 (1 mmol), oleic acid (6.31 mmol), oleylamine (12.16 mmol),
and 2 mL of dioctyl ether and heated to 200 'C under N2 flow for two hours. The reaction was
further heated to 330 *C at a rate of 3.3 *C/min.
Synthesis of monodisperse CoFe20 4 nanocrystals of different sizes
8 nm CoFe204 MNPs were synthesized by previously reported methods in a 250 mL 3-neck
flask.' 7 To increase the size of the MNPs, MnCl2 instead of Mn(acac) 2 was used. 11 nm MNPs
were synthesized by mixing Fe(acac)3 (2 mmol), CoC12 (1 mmol), oleic acid (6 mmol),
oleylamine (6 mmol), 1,2-hexadecanediol (10 mmol), and 20 mL of benzyl ether and evacuated
for 30 minutes. Then the solution was heated to reflux for one hour at a rate of 3.3 0C/min under
N2 flow. To synthesize 14 nm in diameter sized particles, to the same reaction conditions, 50 mg
of 8 nm MNPs dispersed in hexane was added. .
After removing the heating mantle and cooling to room temperature, all reaction solution was
transferred to a 50 mL conical tube along with a 1:1 mixture of ethanol and hexane. The sample
was centrifuged at 6000 rpm for 10 minutes to collect the synthesized nanocrystals. The pelleted
nanocrystals was redispersed in 10 mL of hexane and flocculated with 5 mL of ethanol and
centrifuged at 6000 rpm for 10 minutes twice to remove excess ligand and solvent.
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Chapter 4
Magnetic Properties
4.1 Magnetic properties, structure of ferrites
Ferrites have the general formula MO-Fe2O 3, where M can be a divalent metal ion like
Mn, Ni, Fe, Co, or Mg. While CoFe2O4 is magnetically hard, the rest of the cubic ferrites are
magnetically soft. Ferrites are ionic compounds and derive their properties from the composition
of the magnetic ions they contain.2 6 Instead of being ferromagnetic, where all the ionic moments
align parallel to one another, the ferrites are ferrimagnetic. If exchange forces produced parallel
alignment, NiFe20 4 would have a total moment of 12 tB per unit cell (5 for Fe and 2 for Ni
according to Hund's rule), but the measured saturation magnetization is 2.3 pB instead. This
marked difference is due to the spinel crystal structure of the cubic ferrite.
Table 4-1: Saturation magnetization of any inverse spinel ferrite is simply the moment on the
divalent ion.26
Ferrite Mn Fe Co Ni Cu Zn
Calculated pH 5 4 3 2 1 0
Measured pH 4.6 4.1 3.7 2.3 1.3 0
The spinel structure consists of oxygen ions forming afcc lattice, with the metal cations
occuping 1/8 of the tetrahedral sites (A sites) and 1/2 on the octahedral sites (B site) (get a
picture from a textbook). The ferrites of interest for remote heat dissipation applications
typically have the inverse spinel structure, where divalent ions occupy the B sites, and the
trivalent ions are equally divided between A and B sites. However, in most cases, intermediate
structures between normal and inverse spinal exist. For example, in manganese ferrites, which
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has a normal spinel structure, 80% of the Mn2+ ions occupy the A sites and 20 % occupy the B
sites (Fig 4.1).
(a) Tetrahedral A ~t
Metal ion in
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Figure 4-1: Crystal Structure of cubic ferrite.2 6
The exchange interaction between A and B sites is usually the strongest, as the A-site
moments are parallel to one another and antiparallel to the B-site moments. Because Fe 3+ ions
are generally divided evenly between A and B sites, we can conclude that the saturation
magnetization is simply that of the moment on the divalent ion since the moments of the Fe3+
cancel each other out. Hence, Mn ions, which have more unbalanced spin compared to the other
transition metals, possess the highest saturation magnetization, which should progressively
decrease linearly as one moves from right to left of the transition metal row in the periodic table
(Table 4-1). However, discrepancies with experimental work exist and have been attributed to
either contribution from orbital moments for the case of Co2+ ions or to the structure being a
partial mixture of spinel and inverse-spinal phases. Due to the inverse-spinel arrangement of the
ions in these ferrite materials, different saturation magnetization and anisotropy energy constant
values can be obtained from doping the material with different transition metals, which allows us
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to drastically control the magnetic properties of the synthesized MNPs.
4.2 Magnetic Measurement Instrumentation
Two types of magnetometers were used in investigation of the magnetic properties of the MNPs:
e Room temperature measurements were performed using a vibrating sample magnetometer
(VSM), which obtains field-dependent magnetization curves from induced voltages in a
pickup coil as the sample vibrates sinusoidally in a uniformly applied field.
e A superconducting quantum interference device (SQUID) magnetometer that can be cooled
with liquid He down to temperatures as low as 2 *K, was used to obtain hysteresis curves at
5 *K. SQUID magnetometers measures magnetization of samples based on superconducting
loops composed of two Josephson junctions that are sensitive enough to measure magnetic
flux as a sample is moved through the loop. The external magnetic field applied by the
sample results in a screening current that is amplified until a critical current is oscillating in
the loop which is a function of the applied magnetic field. The voltage induced across the
shunt resistance that is connected across the junctions to eliminate hysteresis in the coil can
then be determined.
4.4 Magnetic properties of MNPs synthesized from
oleate precursors
We first investigated the magnetic behavior of the as-synthesized MNP materials
dispersed in toluene by measuring the field dependence of the magnetization at room
temperature and at 5 *K. Room temperature magnetization curves measured by the VSM
indicate that the MNPs have low M compared to the bulk material (Fig 4-1). Low saturation
magnetization compared to bulk values for small MNPs is typically attributed to the formation of
a magnetically frustrated layer resulting from incomplete coordination of metal atoms at the
27MNP surface. However, MNPs synthesized with the metal oleate precursor decrease in
saturation magnetization when the surface area to volume ratio decreases with increasing MNP
size.
As-synthesized iron oxide MNPs from the thermal decomposition of iron-oleate have
saturation magnetization values that fall from approximately 35 emu/g to below 20 emu/g when
the particle diameter increases from 5 nm to 22 nm.18 By calculating the magnetic volume from
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the expression for static susceptibility
Xo = = yoMV 133kBT
we find that the effective magnetic diameter of the MNPs never increases beyond 10 nm even
despite the physical diameter being greater than 20 nm. For the ternary metal oxides (MnFe 204
and CoFe20 4) we also find that the saturation magnetization decreases with increasing MNP
diameter (Fig 4-1). Furthermore, the MNPs do not reach saturation magnetization even at high
magnetic fields, suggesting that a paramagnetic-like phase is present (Fig 4-2).
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Figure 4-2: Saturation Magnetization as a function of MNP diameter for 3
different ferrite materials prepared from metal oleate thermal decomposition
Magnetization curves generated at 5 *K illustrate how this additional phase can affect the
magnetic properties of the as-synthesized MNPs. The inset (you can make it a separate plot -
tyou are not limited on space) in Fig 4-2 details the field-dependent magnetization at low fields
and presents evidence of exchange-bias, which arises not only in compositionally hybrid
structures, but also at order-disorder interphases.28 The hysteresis curve of as synthesized 18 nm
iron oxide MNPs shows a shift towards negative fields by 1300 Oe. Analogously, a shift of 850
Oe is observed for 11 nm MnFe 20 4 MNPs.
As the size of the MNP increases, the magnetic core diameter measured indicate that less
than 20% of the volume fraction of the MNP is ferromagnetic, suggesting that heterogeneity in
the material exists. The fact that we observe exchange bias in these samples indicates that a
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ferromagnetic phase and a paramagnetic-like phase are in intimate contact. Because the
characteristic length for exchange bias is only a few nanometers, 29 dipole-dipole interaction
between two particles with different magnetic phases is unlikely.
Work by Levy et al. have shown that regions of structural disorder in iron oxide MNPs
synthesized from the thermal decomposition of Fe(CO)5 precursors contribute to this effect
because the magnetically frustrated phases have moments that do not fully align even at high
field amplitudes. 19
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Figure 4-3: Magnetization curve obtained at 5 *K for as-synthesized MNPs
prepared from thermal decomposition of oleate precursors
The formation of wastite Fei.xO (where x = 0.05 - 0.17) is observed in the synthesis of iron
oxide MNPs from the thermal decomposition of metal-oleate precursors. 20 Wnstite has been
observed as an intermediary species when the reaction environment is not sufficiently oxidizing
to form maghemite or magnetite phases. 30'3 ' At the nanoscale, the magnetization of wustite
phases do not saturate even at high fields and at 5 *K.
The existence of exchange bias, paramagnetic-like susceptibility, and small magnetic cores lead
us to a hypothesis that the defect clusters in our iron oxide MNP samples may comprise a Fe30 4-
like phase coherently embedded in a FeO matrix. Because wustite is a metastable phase,
conversion to magnetite can be readily achieved under certain conditions, which will be
discussed in the following chapter.
The diameters of the MNPs with composition MFe20 4 (M = Mn, Fe, Co) synthesized via
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the thermal decomposition of metal oleate precursors can be easily tuned in the range of ~10-30
nm while maintaining monodispersity. However, the low saturation magnetization and the
paramagnetic-like behavior of the initial as-synthesized phase do not make these MNP materials
particularly amendable for remote heating applications.
4.5 Magnetic properties of MNPs synthesized from
acetylacetonate precursors
VSM measurements at room temperature indicate that the as-synthesized MNPs exhibit
significantly higher M, compared to the MNPs made from metal-oleate precursors (Fig 4-3).
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Figure 4-4: Saturation Magnetization as a function of MNP diameter for 3
different ferrite materials prepared from metal oleate thermal decomposition
The CoFe20 4 and MnFe20 4 MNPs with diameters less than 10 nm have M, values of 39 and 51
emu g-1 respectively, which is low compared to bulk values and are likely due to surface spin
canting effects. Because of the increase in volume relative to surface area, the Ms is increased
to 63 and 75 emu g-1 for CoFe 20 4 and MnFe20 4 above 10 nm respectively. Hysteresis loops of
the 11 nm in diameter MnFe20 4 MNPs measured at 5 *K indicate a low coercive field of 250 Oe
with no evidence for exchange bias (Fig 4-4). A dip in Ms to 28 emu g~1 was measured for the 16
nm MnFe2O4 MNPs, which may be due to the addition of an excess amount of oleylamine
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which can readily convert the ferrite material into wtistite 30 CoFe204 MNPs display a markedly
higher coercitivity of 20 kOe with no exchange bias (Fig 4-4).
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Figure 4-5: Magnetization curve obtained at 5 *K for as-synthesized MNPs
prepared from thermal decomposition of acetylacetonate precursors
The synthetic route based on metal acetylacetonate (acac) compounds yields ternary oxide MNPs
with saturation magnetization M, approaching the bulk values and no evidence of paramagnetic-
lake behavior or exchange bias observed in MNPs produced by metal-oleate-based synthesis.
Because the acac-based synthesis involves a mixture of oleic acid, oleylamine, and 1,2-
hexadecanediol, all of which have different reducing capabilities, 30,33 the reaction conditions may
be conducive for the synthesis of mixed valence states that is required for optimal magnetic
properties in inverse-spinel ferrites. In contrast, the thermal decomposition of metal oleate
precursors requires only oleic acid and the reaction conditions may not be sufficiently oxidizing
to form pure inverse-spinel phases. Clearly not all synthetic procedures produce MNPs with
optimized magnetic properties, and further optimization is required to achieve higher-quality
materials for remote magnetic heating.
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Chapter 5
Solvent Transfer and
MNP Heating Measurements
While high temperature thermolysis of organometallic precursors produces high-quality
monodisperse nanocrystals with controllable shape and size, the surface is generally coated with
hydrophobic ligands that make them unusable for biological applications, which take place in
aqueous environments. To render the nanocrystals hydrophilic, methods such as ligand exchange
or coupling to amphiphilic ligands are generally employed.
Ligand exchange is usually performed by combining the hydrophobic nanocrystals
dispersed in a nonpolar solvent such as hexane or toluene with the excess of hydrophilic ligands
in a miscible polar solvent at room temperature. However, the exchange yield is typically low
and requires vigorous shaking over the course of several days with reiteration. Furthermore,
irreversible desorption has been observed, resulting in MNP agglomeration and precipitation out
of solution over time.
Solubilization with amphiphilic ligands is readily achieved since the hydrophobic
hydrocarbon chains can interdigitate with the hydrophobic coating of the nanocrystals while the
hydrophilic groups can form hydrogen bonds with water. The disadvantage of this method is that
micellization can result in the encapsulation of several nanocrystals in liposomes. The method is
also highly sensitive to concentration due to the dynamic nature of the amphiphilic ligand.
A high-temperature phase transfer may provide a general approach for MNP
solubilization in aqueous solutions. Zhang et. al employed diethylene glycol, a high boiling point
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polar solvent miscible with organic solvents such as toluene, to drive the coordination of
polyelectrolytes onto the surface of the nanocrystals at temperatures greater than 200 oC.14 This
strategy is advantageous because the high temperature promotes the exchange of the original
surfactant with the polyelectrolyte through mass action. Furthermore, the multiple binding sites
of the polyelectrolyte prevent desorption as well as extend into water making the nanocrystals
highly stable in aqueous media.
Experimental Procedure:
The as synthesized nanocrystals are typically dispersed in toluene at a concentration that
is roughly 50 mg/mL. 1 mL of this solution is hot-injected into a 10 mL solution of diethylene
glycol with 0.5 g of 1,800 m.w polyacrylic acid (PAA) dissolved at 110 *C. Then the solution is
heated to 240 *C and refluxed for 6 hours. After removing the heating mantle and cooling to
room temperature, 10 mL of 1 M HCl is added and the mixture is centrifuged at 6000 rpm to
pellet the nanocrystals. The pellet is then suspended in water and pelleted again twice to wash
away excess ligand and solvent. To solubilize the nanocrystals in water, concentrated sodium
hydroxide was added such that the final concentration of base was 10 mM. The solution was
then sonicated for 30 minutes.
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Figure 5-1: Field-dependent magnetization loops measured at 5K. (A) As-
synthesized NPs from thermal decomposition of metal oleate precursors. Inset:
low-field region exhibiting negative field shift characteristic of exchange bias. (B)
After phase transfer into water. (C) As-synthesized NPs from thermal
decomposition of metal acetylacetonate precursors. (D) After phase transfer into
water.
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5.1 Magnetic properties of MNPs after Phase-Transfer
Interestingly, we found that the magnetic properties of the MiNPs prepared by the thermal
decomposition of oleate precursors were improved significantly after the phase transfer process.
For iron oxide, saturation magnetization M values increased from 15 - 40 emu g- for as-
synthesized MNPs to an average of 67 emu g- following the phase transfer. Furthermore, the
coercive field decreases from 3000 Oe to 850 Oe and there is no shift in the hysteresis curve
characteristic of exchange bias. The magnetic diameters were also found to match closely to the
physical diameter determined by TEM, and the ferromagnetic volume fraction exceeded 60%
(Table 1).
The observed improvements in the magnetic properties of the iron oxide MNPs indicate
that the wistite phase that was evident in the as-synthesized state may have partially converted
into the inverse spinel ferrimagnetic phase during the high temperature phase transfer process.
We believe that the high temperature phase transfer step provides an oxidizing environment that
enables the transformation of metastable wdstite into maghemite and magnetite phases at the
MNP surface. The M of the MnFe 20 4 and CoFe 2O4 MNPs synthesized from metal-oleate
thermal decomposition was also improved, but not to the extent of the iron oxide MNPs.
The magnetic properties of the MNPs synthesized from acetylacetonate precursors was
found to be preserved after ligand exchange. Furthermore, the ferromagnetic volume fraction is
greater than 80% (Table 1).
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Table 5-1: Summary of Magnetic Properties of as-synthesized and water-soluble MNPs at
300K.a
sample 4
11
Iron 16
Oxide 18
Oleate 22
24
MnFe20 4  11
Oleate 16
19
28
CoFe 20 4  13
Oleate 20
MnFe20 4  7
Acac 11
26
CoFe20 4  9
Acac 12
14
d4mag
(nm)
9.2
8.5
9.6
9.8
10.5
7.7
10.8
9.8
9.0
7.6
9.2
10.9
d*ns
9.1
13.1
16.6
18.8
16.3
7.6
10.2
9.6
11.4
7.2
11.3
25.3
M,
(300K)
(emu/g)
28
18
39
41
22
8
13
5
3
15.2
3
53
75
95
39
60
58
M* (300K)
(emu/g)
70
69
64
65
67
47
54
25
31
30.8
7
51
74
92
37
62
59
OFerrimagnetc
0.65 (0.62)
0.17 (0.61)
0.15 (0.78)
0.08 (0.59)
0.08 (0.31)
0.36 (0.35)
0.32 (0.27)
0.09 (0.133)
0.03 (0.13)
0.79
0.53
0.07
(0.85)
(0.82)
(0.89)
aAverage diameters (d) were measured from TEM. Magnetic diameters (dmag) were
obtained from linear fits of root temperature hysteresis curves in the low field
range. *Indicates the sample was measured from water-soluble MNP solutions.
The DFerrimagnetic indicates the volume fraction that is ferromagnetic. The bracketed
values indicate the volume fraction after solubilizing in water.
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5.2 Experimental SLP Measurements
To experimentally verify the predictions based on numerical simulations, heat dissipation
of the MNPs dispersed in water was measured upon exposure to an AMF produced by a home-
made ferromagnetic coil core driven by a RLC circuit. 1 mL solutions of MNPs at a
concentration of 2 mg/mL were placed into an AMF of an amplitude Ho = 15 kA m~1 at a
frequency f = 500 kHz. The temperature increase was recorded as a function of the application
time, and the SLP was calculated from the slope using the expression:
C dT
SLP =-
m dt
Where C is the specific heat capacity of water per unit volume (C = 4.18 J K~1 g-1), m is the
concentration (g/L of the ferrofluid), and is the experimentally measured slope of the
temperature increase as a function of time inside the AMF. The SLP values obtained are plotted
in Fig. 5-3 as a function of particle size.
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Fig 5-3: SLP measurements as a function of NP size obtained at H= 15 kA/m at
500 kHz.
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The trends observed from numerical simulations are clearly reproduced in the
experimental measurements obtained (Fig. 5-3). CoFe20 4 MNPs from both oleate and acac -
based syntheses do not produce significant heating in field conditions applied because the high
anisotropy energy prevents optimal alignment of the easy axis with the field direction. The
heating capability originates from the frictional rotation of the CoFe20 4 MNPs.t
In the other extreme, the significant perturbation of the energy barrier of MnFe 20 4 MNPs
smaller than 22 nm in diameter by the applied field results in superparamagnetic like behavior,
with little or no observed hysteretic loss. Only MINPs with diameters of 26 nm exhibit significant
heating due of the transition into ferromagnetic hysteresis loop shapes.
For materials with anisotropy energies in the intermediate range such as in the case of
iron oxide, an optimal size range between 18 - 22 nm is identified. From Fig 2-4, numerical
simulations indicate progressive increase in area from a reversible superparamagnetic hysteresis
curve into a ferromagnetic major loop. With increasing size however, the coercive field becomes
too large compared to the applied field, and minor loops are accessed leading to a decrease in
SLP.
Also of note is the difference in SLP between tertiary metal oxide MNPs prepared from
the two different synthetic routes. MNPs prepared from the thermal decomposition of oleate
precursors have lower measured SLP values compared to similar sized MNPs prepared from
metal acetylacetonate decomposition due to lower magnetization at the applied field.
Furthermore, their low ferromagnetic volume fraction leads to deviations from numerical
simulations as seen in the low SLP measured for MnFe 20 4 MNPs at 28 nm in diameter. In
contrast, MnFe 20 4 MNPs prepared from acetylacetonate chemistries trend with predictions due
to their optimized magnetic properties.
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Chapter 6
Conclusion and Perspective
Not all MNPs synthesized through organometallic thermal decomposition yield particles
with optimal properties. The thermal decomposition of metal oleate precursors synthesizes
MNPs allows for straightforward tuning of MNP diameter in the range of 10 - 30 nm using a
one-pot synthesis procedure. However this procedure does not produce MNPs with magnetic
properties optimized for maximum hysteretic loss. Metal acetylacetonate based synthesis
requires the use of ligands with different reducing capabilities, and as a result produces MNPs
with saturation magnetization values approaching bulk, but requires a seed-mediated approach to
grow MNP diameters above 20 nm.
High-temperature ligand transfer was found to be sufficiently oxidizing to improve the
magnetic properties of the iron oxide MNPs prepared using iron oleate precursors. These stable
aqueous dispersions were then subjected to an applied alternating magnetic field and its
hysteretic power loss properties were compared to physical simulations.
In this thesis, an alternative physical model was used instead of linear response theory to
describe the hysteretic loss of ferrite MNPs. The domain of applicability is generalized to field
amplitudes and frequencies relevant to magnetic hyperthermia and heat dissipation is evidently
correlated to the anisotropy energy of the material. Our experimental work demonstrates the
trends predicted by the physical model in the synthesized MNP set. When the properties of the
MNPs were not optimal, poor correlation with simulation was observed. Iron oxide MNPs
approximately 22 nm in diameter were measured to have the highest SLP values among the set,
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and are comparable to the highest measured values for iron oxide synthesized through
organometallic chemistry. 12
With a clearer understanding of how MNPs dissipate heat in the presence of an AMF, we
can now begin to standardize hyperthermia treatments by selecting materials with the proper
anisotropy energy relevant for a particular therapeutic condition. Maximizing hysteretic power
loss will enable us to heat local temperatures at surfaces the MNPs are confined to quickly, and
will result in finer control over cellular functions at biologically relevant timescales.
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